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ABSTRACT
Incidents resulting in head injury generally involve components of both linear and
rotational motion. The protection of the head from injury most often comes from the use
of some form of helmet. Helmets currently are designed only to protect the head from
linear accelerations. Recent research involving the analysis of concussion in professional
football suggested that linear accelerations are more consistent in the prediction of
concussion, with the resultant rotational accelerations correlating to the peak linear
accelerations of the impact.
This research proposes to determine if the situation of the head impact has an effect
on the correlation of the linear and rotational accelerations, as well as to determine if the
linear acceleration is consistent as the predominating factor of concussion in various linearinduced impact scenarios. Through the development of various impact test conditions using
bicycle helmets on a biofidelic test headform and Hybrid III neck, it was determined that the
correlation between the linear and rotational accelerations experienced by the head is
affected in part by the impact situation. Additionally, while linear accelerations may be
adequate predictors of concussion in some impact scenarios, it was determined that there are
situations in which the rotational accelerations would be the more dominating factor in the
expected probability of concussion.
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- CHAPTER 1 -

INTRODUCTION
When it comes to injuries or trauma to the head and brain, important factors to
consider are the acceleration and motion experienced by the head (6, 9, 10, 15, 22). There
are two types of motion that must be considered: linear (or translational) motion and
rotational (or angular) motion and the accelerations associated with each (9, 10, 15, 26).
Helmets are used to help reduce the risk of head injuries, but are primarily designed to
protect the head against linear forces, and not the rotational motions that may result (14, 15,
22). The issue of rotational acceleration as an important factor in head injury has been
acknowledged for some time (2, 6, 7, 9, 10, 13), but the role of helmets in mitigating
rotational accelerations is not examined in existing standards (14, 15, 22, 28). Current helmet
standards rely solely on their performance in cases of linear motion and utilize failure criteria
in the assessment of head injury that are functions of the linear accelerations, with no regard
for any rotational effects (7, 14, 15). While there have been some head injury functions
developed where the rotational aspects are taken into account (21, 27), they are not required
for assessment in current standards (14, 15, 22).
Due to helmets having to satisfy only linear requirements (14, 15, 22), there has been
some concern that the focus of helmet design has been adjusted to improve performance in
linear situations (such as by increasing the stiffness). So in some situations helmets may not
be working as well as they could to manage all aspects of the impact (15). As a result, the
increased stiffness may have implications in mild traumatic brain injury (MTBI) (12). For
example, there may be two cases in which there is similar visible minor mechanical damage
done to identical helmets and identical locations (indicating comparable impact energies), but
one person may have virtually no negative after-effects of the impact, while the other person
has suffered a severe brain injury. The visible damage of crush to a helmet liner that comes
from a linear impact can often be used to evaluate comparable impact energies in helmets
that function through permanent deformation. Therefore, from the above example it could
be concluded that there is some aspect occurring in one situation that is not in the other.
1

This could be a result of the impact scenario, which may have a high rotational acceleration
in one situation that is not occurring in the other even though similar linear effects have
taken place. Confounding this is the wide range of human tolerance to both linear and
rotational impacts (12, 18).
It has been believed that rotational acceleration, whether alone or in conjunction
with linear acceleration, is a strong influencing factor in injuries sustained to the brain (2, 6,
7, 9, 10, 13, 15, 21, 23, 28). However, there has been some debate as to the true relevance of
rotational acceleration when compared with linear acceleration (28, 29).

It has been

presented that although rotational acceleration may have an effect on the brain,
“translational acceleration remains the single most important response to address in future
helmet designs” (29).

This indicates that there is a direct correlation between linear

acceleration and the resultant rotational acceleration in a head impact, so any effects of the
rotational motion come as a direct effect of the linear impact. Although this may be true for
most instances, this research proposes to determine whether, for different impact scenarios,
the relationship between the linear and rotational accelerations results in a direct correlation,
or if the relationship between the linear and rotational accelerations are dependent upon the
situation of the impact.

2

- CHAPTER 2 -

BACKGROUND
2.1

Mechanisms of Head Injury
Trauma to the head can be a concern due to the possibility of injury to the brain.

Mechanically-induced head injury occurs as a result of “the movement of some part of the
head relative to another” (22) that can result in distortion, changes in intracranial pressure,
and excessive strains in the brain (2, 3, 7, 9, 10, 22, 26, 34). In general, mechanically-induced
brain injuries can be classified as either a MTBI or a traumatic brain injury (TBI), with
injuries such as concussion (with or without loss of consciousness) being classified as MTBI
while others such as severe diffuse axonal injury (DAI) falling into the TBI category (5, 6, 12,
27). Approximately 80% of brain injuries are classified as MTBI (5), often resulting in the
risk of prolonged effects of the MTBI after the initial injury with post-concussion syndrome
(3, 5, 11).
Although some injures can easily be classified as either TBI or MTBI there is a large
discrepancy separating the two as to where some brain injury can definitely be categorized as
one or the other rather than a separation by an easily definable transition region (12). This is
compounded by the fact that individual humans have different levels of tolerance.
Individual tolerances can be a combined effect of a number of factors, such as age,
body/brain mass, etc., such that an injury that would result in a concussion in one person
may not have the same effect as on another (11, 18). The brain is also anisotropic, or has
different sensitivities to injury when impacted in different locations (12, 18, 27).

An

additional concern is the apparent increased sensitivity to minor impacts on individuals who
have previously sustained a MTBI from which they have not completely recovered (2, 3, 11,
12, 28).

3

2.1.1

Head Injury Assessment Functions
In addition to the acceleration (such as the peak g) and time duration of impacts that

are most often considered, several different assessment functions have been developed for
use in the evaluation of head injury. These include the Head Injury Criterion (HIC), the
Gadd Severity Index (SI), the Generalized Acceleration Model for Brain Injury Threshold
(GAMBIT), and the Head Impact Power (HIP) index (8, 15, 21, 27). The SI and HIC are
the most commonly used head injury assessment functions (along with the peak g),
particularly in current testing standards, and all are based solely on linear acceleration (14, 15,
24, 27, 34).
The HIC was developed from experimental work, particularly the Wayne State
University Cerebral Concussion Tolerance Curve, which was developed from a combination
of cadaver skull fracture tests and concussive testing on animals (15, 23, 27, 34). It follows
the form

 1
HIC  
 t 2  t1


a
(
t
)
dt

t1

t2

2.5

t 2  t1 

[1]

where t is the time in seconds and a(t) is the acceleration in units of g. A critical value of
1000 generally being the failure point in most standards, and a maximum elapsed time (t2 –
t1) of 15 ms is often used (23, 29). However, Newman has presented results of other
researchers and suggested HIC should be used cautiously because a proven correlation has
not been developed between HIC and the severity of head injury (23).
Similarly, the SI function (Equation 2) was also developed from the Wayne State
curve (8, 14, 15, 23) and also utilizes the acceleration (g) and time (seconds).
t2

SI   a(t ) 2.5 dt .

[2]

t1

The SI is commonly used in National Operating Committee on Standards for Athletic
Equipment (NOCSAE) testing standards (along with the maximum linear acceleration)
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where a failure threshold of 1200 is used (19, 24, 26). This is often referred to as a weighted
impulse-time criterion (8, 12). It should be noted that the 2.5 power used in both the HIC
and SI equations comes from the slope of the Wayne State curve in a log-log plot (27).
In a 1980 paper, Newman stated that a “correlation of internal head injury with
linear parameters only, presumes that either rotational effects are negligible or that they are
somehow automatically accounted for in the measurement of linear acceleration” (23). With
the two most common head injury assessment functions in use, SI and HIC, being
dependent only upon the linear acceleration (14, 15, 24, 27), Newman suggested the use of
the GAMBIT function (Equation 3) based upon the idea that “the onset of brain injury
occurs when the combined effect of translational and rotational acceleration exceeds some
limiting value” (21).

 a(t )  2   (t )  2 
G (t )  
 
 
 250   25000  

1

2

[3]

GAMBIT “endeavors to take into consideration the combined effects of both
translational and rotational kinematics” (21). The values of 250 and 25000 seen in Equation
3 are critical values of the linear acceleration (g’s) and rotational acceleration (rad/sec2),
respectively, that were developed for use in the determination of GAMBIT. Likewise, the
values of a and  in Equation 3 are the linear and rotational accelerations with units of g and
rad/sec2, respectively. It should be noted that since the acceleration terms are a function of
time so is GAMBIT, even though only the peak value is generally of interest (21, 24).
Of the previously mentioned assessment functions for head injury, the most recently
developed is the Head Impact Power (HIP). The HIP is based upon the rate of change of
kinetic energy experienced by the head in each of its six degrees of freedom (15, 27) as seen
from Equation 4.

HIP  4.50a x  a x dt  4.50a y  a y dt  4.50a z  a z dt
 0.016 x   x dt  0.024 y   y dt  0.022 z   z dt
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[4]

The coefficients presented in Equation 4 mass and mass moments of inertia of the human
head as presented by Newman, et al (27). The HIP equation takes into account the issue of
directional sensitivity of the brain (10, 27) since the response of the brain will have a
“different tolerance to power absorption in each of the different directions and for each axis
of rotation” (27). Based on the study by Newman, et al (27), it was concluded that the
maximum value of HIP “appears to correlate better than existing head injury assessment
functions.” The curve for probability of concussion that was developed demonstrated a
“gradual increase in the probability of MTBI with increasing HIPm” where a value of 12.8
kW results in a 50% probability of concussion (27).
One thing to keep in mind when considering any head injury assessment function is
that not every person will have the same tolerances, which can vary based on a number of
factors such as age, head size, etc. (11, 18). The assessment functions have been developed
by research involved with testing on animals, human cadavers, human volunteers (for noninjurious testing), and accident/impact reconstruction using human surrogates, most notably
instrumented dummies and headforms (16, 18, 26). In recent years, there has been the
development of computer and finite element models of the human head and brain to depict
the general behavioral characteristics in specific situations, such as the Wayne State
University Brain Injury Model, or WSUBIM (34).

2.2

Principles of Head Protection
Helmets are used in numerous sports, recreational activities, and occupations in

which there is a risk of injury to the head. Their sole purpose is to protect the head. This is
achieved by reducing the likelihood of an injury by lowering the severity of the impact being
transferred to the head by means of energy attenuation. In simpler terms, a helmet serves to
reduce the peak force of an impact on the head by increasing the time duration over which
the impact occurs. This is similar to how an airbag in an automobile accident decreases the
rate of deceleration of a passenger by allowing the deceleration event to take place over a
longer period of time (12, 15, 22).

6

With it being virtually impossible to predict every possible scenario of head impact
and design a helmet to protect in all of these cases (22), helmets are often designed to be
used in particular situations, such as bicycling, skateboarding, football, baseball, hockey,
motor sports, etc. By focusing on specific types of use, a helmet can be designed to achieve
the best level of protection against impact scenarios that are likely to be encountered in that
specific activity (14, 15, 22). The ultimate goal is to develop a helmet that can provide the
highest probability of protecting the wearer from the likelihood of injury for its given
purpose. Numerous standards have been developed by organizations (such as CPSC,
ASTM, and NOCSAE) that helmets must meet to certify that a given style of helmet will
provide an acceptable level of protection to the wearer, if used properly (1, 4, 14, 15, 19, 22,
25).
2.2.1

Helmet Design and Function
A helmet is generally comprised of at least two parts: the liner and the shell. Most

helmets also consist of some form of softer materials inside the helmet to assist in the
comfort and fit of the helmet, but do not serve any role in head protection. The shell is the
outer part of the helmet, generally the hardest and toughest part of a helmet, and is usually
made from some type of polymer or composite material. The liner is the part between the
head and the outer shell that provides most of the attenuation of energy. The liner is most
commonly comprised of some sort of padding or foam that will deform enough to “absorb”
the energy of an impact. There are also some helmets that are practically shell-less or have a
“micro-shell,” such as most bicycle helmets (14, 15, 22).
The outer shell of a helmet serves to distribute the force of an impact over a larger
area of the helmet, as well as providing a defense against penetration of an object through
the helmet (15, 22). In general, a material chosen for a helmet shell should be strong with a
high stiffness and strength-to-weight ratio. A smooth finish is “desirable as it will limit the
generation of tangential forces” that will “generate a torque that in turn may produce angular
acceleration” (22).
As stated earlier, the helmet liner serves as an energy attenuator. During an impact,
the liner should deform, or crush, essentially acting as a cushion to reduce the force
transmitted to the head. It is important that the material chosen will provide an adequate
7

crushing strength to ensure that it will deform at a fairly constant rate and at forces below
the levels that would result in an injury to the head. The liner should be thick enough to
deform to the highest expected forces that would be involved in its particular use so that the
liner does not bottom out, or crush completely. If this were to occur, once the material has
crushed to its maximum it would no longer absorb any of the energy and the remaining
energy would be transferred directly to the head. The material should also have low rebound
characteristics (hence, a plastic deformation, such as a single-use bicycle helmet) so there
would not be a large change in the velocity of the head, which could result in a more severe
injury to the brain than the force of the impact itself (12, 15, 22).
The helmet shell and liner work in conjunction to protect the head. The shell serves
to spread the impact force over a larger area. The liner will then crush under the distributed
load and attenuate as much energy as possible to reduce the force transferred to the head.
Some helmets, such as bicycle helmets, are usually designed for single use where once they
have sustained an impact, the materials are permanently deformed and, thus, will not recover
to protect in a second impact. Others, such as football helmets, are designed for multiple
impacts, so a liner material must be chosen that will recover from an impact after a period of
time in order to protect the wearer for any subsequent impacts (14, 15, 22).
2.2.2

Organizations and Standards
A number or organizations are in place to protect the consumer by ensuring that

helmets designed for a particular activity, such as football, will perform adequately to protect
the wearer against expected impact conditions. Some of these organizations include the
American Society for Testing and Materials (ASTM), the Consumer Product Safety
Commission (CPSC), and the National Operating Committee on Standards for Athletic
Equipment (NOCSAE). There are specific standards for specific types of helmets (such as
bicycle, motorcycle, football, baseball, hockey, equestrian, and even military helmets) that
contain precise testing methods and procedures, with certain criteria that must be met in
order for the helmet to receive a passing rating (1, 4, 15, 19, 25).
Testing standards for helmets generally require multiple impact locations at specified
impact velocities (impact energies), with some standards requiring multiple hits in the same
location, on specified test anvils and impact surfaces. A common requirement in many
8

standards necessitates helmets be tested at various specified temperature ranges and
environmental conditions to ensure satisfactory performance regardless of what climate or
weather in which they may be used.

The standards not only address the impact

characteristics of the helmet, but also any part of the helmet that is vital to the wearer, such
as facemasks or retention systems, must meet specific performance requirements.

As

addressed before, the linear impact condition is currently the only scenario examined in
testing standards (1, 4, 14, 15, 19, 25).

2.3

Rotational Acceleration of the Head
Margulies, et al (16, 17, 18) performed studies with the effects of rotational-induced

accelerations in the brains of primates, including the study of shear strains in the brain that
are associated with DAI. In their research, they studied the kinematic effects on the head of
primates through the use of animal testing, physical experiments, and analytical models. A
goal was to attempt to develop a DAI tolerance criterion for a human that takes into account
kinematics of the head and the mass of the brain, which is not accounted for in the HIC
function. It was suggested that the best predictors to use as a threshold for DAI are the
peak angular velocity and peak angular acceleration. Also, even through the center of
rotation of a head in the normal range of motion does not occur at the CG of the head but
in the neck, it was determined that “a non-centroidal rotation of the head can be
approximated by a centroidal rotation of the same magnitude” (16).
The results of the models and animal tests were then used to determine a critical
stain value associated with DAI in the baboon, which were then scaled to apply the tolerance
for humans. A curve based on the peak change in rotational velocity and the peak rotational
accelerations was developed that approximates the threshold where DAI would occur over a
range of brain masses in humans. An onset of moderate-to-severe DAI was approximated
as occurring at a rotational acceleration of 1.6 x 104 rad/sec2 (18). The concussive threshold
was concluded to be at much lower levels of rotational accelerations than those that would
result in DAI (17).
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Fijalkowski, et al conducted a study of severity of diffuse brain injury (DBI) in
rodents based on linear-induced rotational acceleration. In their study they suggest that
similar biomechanical correlations exist between the inertial loading of rats and humans.
When looking at the resulting unconscious time in the rat based on a rotational input, it was
determined that the HIP function provided significantly better correlations to the length of
unconsciousness than GAMBIT or peak rotational acceleration.

They concluded that

“severity of head injury cannot be expected to vary linearly with amplitude alone” and that
the duration of the rotational acceleration should also be taken into account, as the HIP
function does (6, 7).
Research performed by Zhang, et al, at Wayne State University utilized a finite
element model of the human head to analyze 24 head-to-head football impacts in an attempt
to develop MTBI thresholds based upon shear stresses and intracranial pressures
experienced in the brain. In their research, they determined that linear accelerations could
be used as a good predictor of intracranial pressure in the brain, while rotational
accelerations were not reliable predictors of the intracranial pressure. However, in the case
of maximum shear stresses in the brain, there was strong sensitivity to rotational
accelerations with no reliable correlation associated with linear acceleration (34).
Additionally, Zhang, et al, presented a range of parameters that would result in
certain probabilities of concussion, and compared their results to injury thresholds proposed
by the research of others. These included linear and rotational accelerations, along with HIC
and shear stress at the brain stem. When analyzing the HIC, they noted that an 80%
probability of concussion occurred at a value of 369, well below the 1000 failure limit used in
standards (34). The tolerance limits developed by Zhang, et al, were virtually the same as
those presented by Newman, et al (24), which also included additional tolerance limits for
concussion based on SI, GAMBIT, and maximum HIP. These results are summed up in
Table 2.1 and will be used as reference limits in this study.
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Table 2.1 - MTBI thresholds developed by Zhang, et al (34) and Newman, et al (24)

Chance of

Linear *

Rotational *

MTBI

(g)

(rad/sec2)

25%

66

50%
80%

†

GAMBIT

†

HIPmax†

HIC15*

SI

4600

151

185

0.33

9.8

82

5900

240

290

0.39

12.8

106

7900

369

415

0.47

16.5

(kW)

* Results presented by Zhang, et al (34)
†
Approximated from MTBI probability curves presented by Newman, et al (24).

2.4

NFL Study on MTBI
Due to the ongoing problem of concussion suffered by players in professional

football, the National Football League created a committee in 1994 to study MTBIs that
occurred in NFL games.

The committee was composed of a diverse group that included

the likes of physicians and trainers in the NFL, as well as experts in traumatic brain injuries.
Between 1996 and 2001, the committee gathered information about MTBIs that occurred in
the NFL along with game videos of the impacts to perform laboratory reconstructions of
specific incidents (24, 25, 26, 28, 29, 31).
One hundred eighty-two cases were selected, eventually narrowed to 27 cases (22 of
which involved diagnosed concussion) that provided only helmet-to-helmet hits. When
including helmet-to-ground hits, there were 31 total cases, of which 25 involved
concussions.

All of the cases that were analyzed provided adequate video views to

determine the velocity vectors at impact. The reconstructions, as discussed by Pellman, et al
(28, 29, 31) and Newman, et al (24, 25, 26), involved the use of Hybrid III heads and necks,
which are anthropometric test dummies often used in automotive testing. The Hybrid III
heads were instrumented with accelerometers in a 3-2-2-2 configuration (three
accelerometers at the center of gravity of the head to measure linear motion with coupled
11

pairs of accelerometers that capture the rotational motion about each axis) to measure
rotational acceleration (26, 28).
In the reconstructed cases, when a concussion was involved, the struck player was
always the one concussed while the striking player never received a concussion (29). It was
determined that the striking player virtually always struck with the top of the helmet (which
is the stiffest part of the helmet and generally the most resistant part of the head to
concussions), while the struck player was most commonly stuck between the 90° quadrant
between the front and side of the helmet. Nearly three-fourths of the players (from the
reconstructed cases) struck in this region received concussion, and it was determined that the
“maximum head acceleration occurred from an impact vector of 48.8° ± 18.0°” measured
around from the front, where 0° is the front center of the head. Additionally, the higher risk
of concussion of the struck player was likely influenced by the observation that there was an
approximated 67% larger “effective mass of the striking player than that of the struck player
during peak force” due to the fact that a striking player will often make impact with the
head, neck, and torso all aligned, creating a larger amount of the body mass to be involved in
the impact (29).
After analyzing the reconstructed data for all 27 helmet-to-helmet cases, it was
determined that the average impact velocity was 9.3 ± 1.9 m/s. This resulted in peak linear
values of the struck player’s head being 76.9 ± 26.2 g’s (94.3 ± 27.5 g’s in 22 concussiononly cases) and peak rotational accelerations of 4289 ± 2156 rad/sec2. It was concluded that
rotational accelerations did not “identify a relevant correlation” in the NFL study and that
the linear accelerations were the most important factor to study (31). However, based on the
linear data of the reconstructed impacts, it was determined that the threshold for concussion
in the NFL was approximately 7.4 m/s with an SI of about 250. The average velocity of 9.3
m/s had an SI of approximately 470 (30, 31).

12

- CHAPTER 3 -

EXPERIMENT OBJECTIVE, SETUP, AND PROCEDURE

3.1

Objective of Experiment
The NFL study on MTBI concluded that rotational acceleration did not prove to be

as important a factor to examine in concussion as linear acceleration (28, 29). This sparked
some debate because it is counter to the belief that rotational acceleration is as important, if
not more, than the linear acceleration effects (2, 9, 10, 15, 16, 18, 21, 22, 27, 28). In actuality,
the most important determinant of injury may depend upon the impact situation.
This research aims to determine if, in different impact situations at the same energy
levels, there is one form of acceleration that is consistently more significant than the other,
or if it is all relative to the conditions of the specific impact situation. In order to evaluate
this, it was decided to break the testing into multiple test conditions that would simulate
different impact scenarios: some in which the head is in motion prior to impact, and others
in which the head is stationary.
Bicycle helmets were used in the testing, which was beneficial due to the fact that
they are single-use helmets with permanent mechanical deformations after impact. As a
result, similar damage occurring at the same energy levels could easily be confirmed through
visual inspection.

Each helmet was impacted twice at the same energy level and test

condition. The impact locations were the right and left sides, approximately 45° off the
front of the helmet. This produced two data points for each helmet, assuming symmetric
response of the helmet and headform. This impact site was chosen based on the results of
the impact vector of 48.8 ± 18.0° from the NFL study, where the majority of their
concussive events occurred in helmet-to-helmet impacts (29).
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(a)

(b)

Figure 3.1 - (a) Modified NOCSAE test headform with Hybrid III neck, and (b) 3-2-2-2
configuration of accelerometers on headform mounting block

3.2

Description of Equipment
The type of headform used in the testing was a modified NOCSAE medium

headform that utilized a 3-2-2-2 accelerometer configuration attached to a Hybrid III neck.
The NOCSAE headform is a biofidelic headform utilized in NOCSAE test standards (15,
19, 20). The Hybrid III neck is a segmented column made of rubber and aluminum that
simulates the dynamic response of a human neck. The accelerometers used were Endevco
Model 7246B-2000 shock accelerometers connected to an aluminum block in a 3-2-2-2
configuration, which was attached in the center of the head. The accelerometers were
connected to an Endevco DC Differential Voltage Amplifier, which was attached to a
National Instruments BNC-2090 connector box. The connector box sent the accelerometer
data into the computer software via a NI-DAQ 6024E data acquisition card. The software
used was BIODAQ 9-AX version 2.0b (Biokinetics and Associates Ltd., Ottawa, Ontario,
Canada). The accelerometers were sampled at 10 kHz, with the outputs run through a 1000
Hz filter prior to being read by the software. The data was filtered additionally at 180 Hz in
the software to remove any excess noise. See Figure 3.1 for views of the NOCSAE head,
14

Hybrid III neck, and accelerometer block. Additional information about the accelerometers
and equipment can be found in the appendix. All testing was performed at Southern Impact
Research Center (www.soimpact.com) in Rockford, Tennessee.
3.2.1

Drop Tower and Linear Impactor
The drop tower system, a common system in use in many testing standards (1, 4, 15),

consisted of a NOCSAE head and Hybrid III neck attached to a carriage with linear ball
bushings that freely moves along a monorail guide. The impact velocity is dependent upon
the drop height of the carriage, which has a one-inch rigid protruding flag that moves
through a velocity light gate during the free fall. The velocity gate will measure the speed
just prior to impact and also serves as the triggering mechanism for the software to start
receiving data from the accelerometers. Figure 3.2 shows a view of the drop tower system.

Figure 3.2 - View of Drop Tower System
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The linear impactor is a relatively new experimental device that is being examined for
use as a new testing system for the development and implementation of new testing
standards being developed by NOCSAE (20).

It was developed based on a similar

pneumatic impactor developed at Wayne State University (30). The linear impactor system
(see Figures 3.3 and 3.4) consists of a pneumatic ram that, once triggered, will release the
buildup of pressure and propel an impact ram towards the headform that sits on a sliding
sled base. The velocity of the impact is measured by means of a piston on the end of the
ram moving through a velocity gate prior to moving into a tapered cylinder braking system
that slows the piston down by compressing air trapped in the cylinder. The sled base the
headform sits upon helps to absorb some of the energy after the initial impact. During a
test, the measured impact scenario is completed well before any movement of the sled, as
verified by the high-speed video, so the test headform receives the full energy of the
impacting ram.

(a)

(b)

Figure 3.3 - Linear impactor system with (a) view of head/neck assembly and end of ram,
and (b) compressed air tank with control panel
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Figure 3.4 - Drawing of Linear Impactor System from NOCSAE (20)

The total drop mass of the head/neck assembly and carriage used in the drop tower
system was 8.31 kg while the linear impactor ram has a mass of 14.37 kg. Due to the mass
differences, the linear impactor would utilize lower impact velocities to match the same
impact energy as the drop tower test conditions, based on the kinetic energy equation shown
in Equation 5. The target velocities for the three energy levels used for each test condition
can be seen in Table 3.1.

KE 

1 2
mv
2

[5]
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Table 3.1 - Target velocities for specified energy levels used in test conditions

3.3

Target Energy

Free Fall Velocity on Drop

Linear Impactor Ram Velocity

(Joules)

Tower (m/s)

(m/s)

77

4.3

3.3

121

5.4

4.1

160

6.2

4.7

Test Procedure
Four test conditions were selected: Conditions 1, 2, and 3 were tested on the drop

tower system, while the linear impactor was used in Condition 4. Each test condition would
be tested at three separate energy levels: 77, 121, and 160 Joules. Although much higher
energy levels are obtainable on the linear impactor than on the drop tower, which is limited
by the height of the system, the energy levels in this testing were limited to 160 J in order to
prevent damage to the headform on the drop tower system tests. Larger impact energies
were initially considered, but after several practice tests it was determine that repeated
impacts at these energies would prove to be too violent to the headform.
Condition 1 was a vertical drop onto a flat anvil with a primary impact to the head
where the neck was able to bend past the impact surface. It simulated an impact with the
abrupt stop of one’s head where the torso continued with its momentum after the impact.
Conditions 2 and 3 were similar in that they were both vertical drops that simulated the
torso/shoulder first impact where the head continued with its momentum and experienced
an angular motion of the head created by the neck flexion. Condition 2 resulted in an
impact of the head on the surface of a 45° anvil at the end of the angular motion of the
head, while Condition 3 had the angular motion with no head impact. The final test,
Condition 4, involved a moving mass impacting a stationary head. See Figure 3.5 through
3.8 for views of the test condition setups.
18

Figure 3.5 - View of test headform and flat anvil in Condition 1

Figure 3.6 - View of setup for Condition 2
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Figure 3.7 - View of test setup for Condition 3

Figure 3.8 - View of head and impactor ram in Condition 4
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It should be noted that the abrupt stop to create the whipping motion of the head
and neck used in Conditions 2 and 3 (see Figures 3.6 and 3.7) was done by a simple setup
using a PVC pipe with a piece of high-density foam on the end to protect the test
equipment. The carriage would freefall until hitting the stopping device and allowing the
momentum of the head to continue. When viewing the high-speed video of the impact, the
foam would crush to its maximum (about 2 inches) in approximately 10 ms, resulting in a
negligible deceleration of the carriage.
Two types of helmets were used in the testing, which will be simply called X and Y
to avoid using the manufacturer and/or model names.

Helmet X was made of EPS

(expanded polystyrene), which is probably the most common material used in bicycle
helmets (15, 22), while the other helmet, Helmet Y, was constructed from EPU (expanded
polyurethane). Both materials are lightweight and highly effective energy attenuators, but
have very different manufacturing methods. As Newman (22) briefly describes, EPS can be
produced quite easily to achieve consistent material properties. The EPU, however, can
prove to be much more difficult to regularly obtain the same physical properties from batch
to batch (22).
One of each type of helmet was used for each test condition and energy level, and, as
stated before, each helmet was impacted twice, once on each side. The impact sites were
labeled as A (right side) and B (left side). With four test conditions at three energy levels and
two helmets with two impacts apiece, a total of 48 data points were obtained, 24 for each
helmet. See Table A.1 in the appendix for a test matrix of the experiment results. Each
helmet was impacted using the ASTM test line (1) based on a HPI of 25 mm. The test line,
as seen in Figure 3.9, distinguishes the boundary for a legal hit in a testing standard, where
the center of an impact must be at or above the test line.
The BIODAQ software recorded the linear accelerations of each of the nine
accelerometers. The six accelerometers that are not capturing the linear acceleration at the
head CG have their results processed through an algorithm that determines the rotational
characteristics of the impact. The outputs include the time traces of the rotational and linear
accelerations for each coordinate axis and the resultant values, and the overall peak values
experienced.

In addition, the software is able to calculate a number of head injury

assessment functions including the HIC, SI, GAMBIT, and HIP.
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Figure 3.9 – Arrow shows impact test line

All of the impacts were recorded using high-speed video at a rate of 1000 frames per
second. Both the high-speed video camera and the BIODAQ software were synchronized
to trigger off the velocity gates for the drop tower and linear impactor. With the high-speed
video, it was possible to view exactly what is occurring during the approximately 100 ms
impact, as well as to verify that the time traces of the accelerations logically correspond with
what is physically happening to the helmet, head, and neck. See Appendix B for sample
views of the high-speed video impacts at each energy level for the four test conditions.
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- CHAPTER 4 -

RESULTS
Once the testing was completed, the data was analyzed by test condition and energy
level, as can be seen in Figures 4.1 through 4.6. To aid in determining the concussion
probability for each of the values, the limits presented in Table 2.1 have been added to the
plots. Based on the linear acceleration (Figure 4.1), it can easily be seen that Condition 1
resulted in the largest values for a given energy level. Conditions 2, 3, and 4 were more
similar in their linear values, even though they were different impact situations. It should be
noted that Conditions 2 and 4 had an impact to the head while Condition 3 did not. Also,
Conditions 2 and 3 were the same situational setup, only with an impact occurring in
Condition 2, which, as expected, resulted in larger linear values.
When the rotational aspects are examined, there is a slightly different comparison
between the different test conditions that could be seen in the linear case. Figure 4.2 shows
Condition 4 definitely had the lowest values per energy level, while the rotational
accelerations in Conditions 1, 2, and 3 were very comparable. This helps address a purpose
of this study in understanding the relationship between the linear and rotational accelerations
as being dependent upon the impact situation. Conditions 1, 2, and 3 all produced very
similar rotational values for dissimilar linear accelerations, while Condition 4 had virtually the
same linear accelerations as Condition 3, but the difference in their rotational accelerations
were quite large.
Values of the head injury assessment functions SI, HIC, GAMBIT, and HIP can be
seen in Figures 4.3, 4.4, 4.5, and 4.6, respectively. Naturally, the HIC and SI follow similar
trends as the linear accelerations mentioned earlier. The GAMBIT and HIP, both of which
are calculated from both the linear and rotational accelerations, each had the largest values
per energy level in Condition 1 with the lowest in Condition 4. However, in Conditions 2
and 3 had very similar GAMBIT scores, but showed large differences in their maximum HIP
values.
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Figure 4.1 – Average of linear accelerations of locations A and B with concussion probability
limits

Figure 4.2 - Average rotational accelerations of locations A and B with concussion
probability limits
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Figure 4.3 - Average SI of locations A and B with concussion probability limits

Figure 4.4 - Average HIC of locations A and B with concussion probability limits
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Figure 4.5 - Average GAMBIT of locations A and B with concussion probability limits

Figure 4.6 - Average maximum HIP of locations A and B with concussion probability limits
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In general, when examining at the results between the two types of helmets, helmet
Y tended to result in slightly higher values of the peak linear accelerations than helmet X,
most notably in Condition 1, but there was not as drastic a difference when looking at the
rotational accelerations. As a result of the linear values, the HIC, SI, GAMBIT, and HIP
also tended to have their highest values with helmet Y in Condition 1.
Utilizing the results of the thresholds presented in Table 2.1, one could determine
the probability of concussion for the results presented in this study. Based on the linear
accelerations (see Figure 4.1), there would be less than a 50% chance of concussion in
Conditions 3 and 4, but Condition 2 would possibly reach the 50% risk of concussion at the
mid-level and higher impact energy levels. In Condition 1, the lowest energy level would
have a 25-50% chance of concussion, while the higher energy levels would approach or
surpass the 80% risk.
With the rotational values in Figure 4.2, virtually every scenario would result in at
least a 25% risk of concussion, with the exception being the lowest energy level of Condition
4. The mid-level of energy in Conditions 1, 2, and 3 would result in a 50% concussion
probability, while the 80% or greater chance could be expected at the highest energy level.
Based on the HIP score (Figure 4.6), greater than an 80% chance of concussion could be
expected in the higher energy levels of Conditions 1 and 2, while a 50% concussion risk
could be expected in the highest energy level of Condition 3. The expected likelihood of
MTBI based on the SI and HIC results in Figures 4.3 and 4.4, respectively, followed very
closely to the expected probability based on the linear accelerations.

This was to be

expected, as they are a factor only of the linear terms. The GAMBIT (see Figure 4.5), which
also takes the rotational values into account, showed a slight increase in the probability of
concussion when compared with the linear injury assessment functions of SI and HIC under
the same impact conditions.
To determine whether or not a correlation exists between the linear and rotational
accelerations for the four test conditions, a linear regression of the data was performed in
Microsoft Excel (Microsoft Corp., Redmond, Washington). As can be seen in Figure 4.7,
the strongest correlation between the linear and rotational values exists in Conditions 3, R =
0.990 (R2 = 0.981), and Condition 4, R = 0.946 (R2 = 0.895). Condition 2, which was the
same situation as Condition 3 but with an impact at the end of the whipping motion, had R
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= 0.887 (R2 = 0.787), while Condition 1 had the lowest level of correlation of all of the test
conditions with R = 0.770 (R2 = 0.593), and had the largest variance of data from the overall
trend, as can be observed in Figure 4.7. The R-value is the correlation coefficient which
represents measure of the linear association between the linear and rotational accelerations,
where a value or R = 1.0 is a perfect linear fit. The R2-values presented in Figure 4.7 are the
coefficients of determination and report how the variance in the rotational acceleration is
accounted for by the data fit, where the variance decreases as R2 approaches 1.
When examining the performance of the individual helmets in each test condition
(see Figures 4.8 through 4.11), it can be seen that helmet X and helmet Y provide similar
linear trends between the rotational and linear accelerations in Condition 3 where there was
no impact to the head. The trends of the two helmets in Condition 4 were slightly offset
from one another, but each showed very strong linear correlations and similar slopes.
Conditions 1 and 2 showed the most significant differences between the data trends of
helmets X and Y, although Condition 2 showed much stronger linear correlations between
the linear and rotational accelerations than Condition 1.

Figure 4.7 - Linear acceleration versus rotational acceleration per test condition
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Figure 4.8 - Linear acceleration versus rotational acceleration in Condition 1

Figure 4.9 - Linear acceleration versus rotational acceleration in Condition 2
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Figure 4.10 - Linear acceleration versus rotational acceleration in Condition 3

Figure 4.11 - Linear acceleration versus rotational acceleration in Condition 4
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Due to the fact that there were two different types of helmets being tested in
different test conditions and at different energy levels, it was desired to perform a statistical
analysis to determine if there were significant differences in the results of the two styles of
helmets. SPSS 15.0 (SPSS, Inc., Chicago, Illinois) was used to perform the statistical analyses
in this study. A general linear model multivariate analysis was performed to observe the
effects of the linear and rotational accelerations on the helmets through the various energy
levels and test conditions. From this analysis, it was determined there was a much more
significant effect contributed to the linear accelerations (p-value of 0.006) than the rotational
(p-value of 0.511). This can be understood when examining Figures 4.1 and 4.2 where
helmets X and Y produced very similar rotational accelerations in every scenario, but often
had very different results in the linear acceleration terms.
A t-test was also performed, treating the two models of helmets as independent sets
of data, to determine if there was a statistically significant difference between the results of
the two helmet models. The results of the t-test can be seen in Table 4.1. The t-test was
based upon a two-tailed distribution on a 95% confidence interval, so a p-value less than
0.025 would indicate a statistical significance. As can be seen by the values in Table 4.1,
there was not a statistically significant difference between the two styles of helmets. The
values of linear acceleration and GAMBIT produced more significant differences between
the helmets than the HIC, SI, HIP, and rotational acceleration, which was the least
significant.

Additional statistics of comparing how the two helmet models performed

against one another can be seen in Table 4.2.

31

Table 4.1 - t-test results at 95% confidence level
t-value

df

p-value (2-tailed)

Linear (g’s)

-1.476

46

0.147

Rotational (rad/sec2)

-0.358

46

0.722

SI

-1.016

46

0.315

HIC

-1.062

46

0.294

GAMBIT

-1.568

46

0.124

HIP

-1.022

46

0.312

Table 4.2 – Standard deviations and true mean values of helmets X and Y



 t  S X 
 
 n 

True Mean Value  x  

Std. Dev. ( S X )



X

Y

X

Y

Linear (g’s)

23.12

38.27

67.73 ± 6.97

81.20 ± 11.53

Rotational (rad/sec2)

1835.4

1907.9

5976.8 ± 134.1

6170.1 ± 139.4

SI

184.56

289.48

229.13 ± 38.28

300.33 ± 60.03

HIC

134.99

217.18

154.71 ± 29.26

210.17 ± 47.08

GAMBIT

0.104

0.152

0.337 ± 0.033

0.395 ± 0.049

HIP

6.95

9.97

11.93 ± 1.45

14.46 ± 2.08

Note: n = 24 each for helmets X and Y
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- CHAPTER 5 -

CONCLUSIONS & RECOMMENDATIONS
From the results of this study, it can be concluded that the linear and rotational
accelerations, in general, have a degree of linear correlation, but the variance and slope of the
data trend varies considerably based upon the impact conditions. For a given value of linear
acceleration at a specific impact energy, there can be a significant difference in the value of
rotational acceleration for a head that is already in motion versus a head that is stationary.
Additionally, for a head in motion, there can be significant differences in the linear
acceleration for similar rotational values depending upon whether or not there is a direct or
indirect impact to the head.
There was a stronger correlation between the linear and rotational accelerations in
situations where the head is stationary and impacted by a moving object as opposed to when
the head is in motion and strikes a stationary object. For the test conditions in which the
head is the primary impact (Conditions 1 and 4) there was a drastic difference between the
measured values linear and rotational accelerations of the head for the same initial levels of
kinetic energy. If the head was in motion prior to impact, higher values of linear and
rotational accelerations could be expected than when the head is stationary prior to being hit.
This likely results from the fact that in Condition 1 the head is striking a stationary object
that essentially has an infinite mass, while the impact scenario in Condition 4 involves the
finite mass of the impacting ram striking the head.
The magnitude of the linear accelerations for a head in motion showed a strong
dependence upon whether it was a direct impact of the head (as in Condition 1), or if the
first impact was one that resulted in a whipping motion of the neck (Conditions 2 and 3) and
a possible indirect impact of the head. The same could not be said of the rotational
accelerations. For each case where the head was in motion prior to impact, high rotational
accelerations were measured, all of which where larger than the rotational values when the
head was stationary prior to the impact. In Conditions 2 and 3 where there is a whipping
motion of the head, the peak rotational accelerations are approximately, the same regardless
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of whether or not there is an impact to the head at the end of the motion, although an
impact substantially increases the linear accelerations. Therefore, when the head does not
experience the initial impact, (for example in a shoulder first impact scenario) it is possible to
develop low linear, high rotational accelerations of the head.
Since helmets are designed to protect against linear impacts, different neurological
outcomes at equal linear decelerations are likely to be associated with large differences in
rotational acceleration. This is, of course, dependent upon the mechanisms involved in the
impact. Based on these observations and the concussive tolerances developed by Zhang, et
al (34) and Newman, et al (24), rotational acceleration should not be disregarded in a focus
solely on the linear responses in head protection. Although the linear parameters may be
adequate predictors of concussion in some situations, there is the possibility of scenarios in
which the higher probability of MTBI will likely result more from the rotational accelerations
than from the linear accelerations.
Therefore, both linear and rotational accelerations should be taken into account with
the development of future helmet standards and injury assessment functions. This would
require additional research on different types of helmets, as well as continued research into
the human tolerance limits and injury assessment functions that are used as performance
criteria in head protection standards. Since this research only involved bicycle helmets, it is
recommended that the study be expanded to include different types of helmets (such as
motorcycle, football, etc.), and possibly a larger sample of the number of helmets, in order to
observe the mechanisms of impact through a larger data set.
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APPENDIX A
RAW DATA

39

Table A.1 - Raw data sorted by target energy level

40

Figure A.1 - Linear acceleration time trace for Condition 1 at 77 Joules

Figure A.2 - Linear acceleration time trace for Condition 1 at 121 Joules
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Figure A.3 - Linear acceleration time trace for Condition 1 at 160 Joules

Figure A.4 - Linear acceleration time trace for Condition 2 at 77 Joules
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Figure A.5 - Linear acceleration time trace for Condition 2 at 121 Joules

Figure A.6 - Linear acceleration time trace for Condition 2 at 160 Joules
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Figure A.7 - Linear acceleration time trace for Condition 3 at 77 Joules

Figure A.8 - Linear acceleration time trace for Condition 3 at 121 Joules

44

Figure A.9 - Linear acceleration time trace for Condition 3 at 160 Joules

Figure A.10 - Linear acceleration time trace for Condition 4 at 77 Joules
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Figure A.11 - Linear acceleration time trace for Condition 4 at 121 Joules

Figure A.12 - Linear acceleration time trace for Condition 4 at 160 Joules
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Figure A.13 - Rotational acceleration time trace for Condition 1 at 77 Joules

Figure A.14 - Rotational acceleration time trace for Condition 1 at 121 Joules

47

Figure A.15 - Rotational acceleration time trace for Condition 1 at 160 Joules

Figure A.16 - Rotational acceleration time trace for Condition 2 at 77 Joules
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Figure A.17 - Rotational acceleration time trace for Condition 2 at 121 Joules

Figure A.18 - Rotational acceleration time trace for Condition 2 at 160 Joules
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Figure A.19 - Rotational acceleration time trace for Condition 3 at 77 Joules

Figure A.20 - Rotational acceleration time trace for Condition 3 at 121 Joules

50

Figure A.21 - Rotational acceleration time trace for Condition 3 at 160 Joules

Figure A.22 - Rotational acceleration time trace for Condition 4 at 77 Joules

51

Figure A.23 - Rotational acceleration time trace for Condition 4 at 121 Joules

Figure A.24 - Rotational acceleration time trace for Condition 4 at 160 Joules
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APPENDIX B
HIGH-SPEED VIDEO
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Figure B.1 - High-speed video screen captures of Condition 1 at 77 Joules
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Figure B.2 - High-speed video screen captures of Condition 1 at 121 Joules
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Figure B.3 - High-speed video screen captures of Condition 1 at 160 Joules

56

Figure B.4 - High-speed video screen captures of Condition 2 at 77 Joules
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Figure B.5 - High-speed video screen captures of Condition 2 at 121 Joules
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Figure B.6 - High-speed video screen captures of Condition 2 at 160 Joules
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Figure B.7 - High-speed video screen captures of Condition 3 at 77 Joules
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Figure B.8 - High-speed video screen captures of Condition 3 at 121 Joules
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Figure B.9 - High-speed video screen captures of Condition 3 at 160 Joules
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Figure B.10 - High-speed video screen captures of Condition 4 at 77 Joules
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Figure B.11 - High-speed video screen captures of Condition 4 at 121 Joules
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Figure B.12 - High-speed video screen captures of Condition 4 at 160 Joules
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APPENDIX C
MISCELLANEOUS INFORMATION

66

EQUIPMENT INFORMATION
NOCSAE modified headform – S/N: RMM-9A
Hybrid III neck – S/N: 02021043A
Endevco DC Differential Voltage Amplifier – Model 136
National Instruments Connector Box – Model BNC-2090, S/N: D74ABE
National Instruments Data Acquisition (NI-DAQ) card – Model 6024E

Table C.1 - Information on Endevco 7264B-2000 Piezoresistive Accelerometers

Accelerometer
1
2
3
4
5
6
7
8
9

Position
X-axis CG
Y-axis CG
Z-axis CG
Z-axis Left
X-axis Left
Z-axis Front
Y-axis Front
X-axis Top
Y-axis Top

Sensitivity (mV/g)
0.2628
0.2735
0.2585
0.2252
0.2404
0.2448
0.2607
0.2800
0.2647

S/N
B34180
B34269
B34302
B34205
B34211
B34295
B34306
B34240
B34249

Figure C.1 - View of DC Differential Voltage Amplifier and Connector Box
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*obtained from www.endevco.com

Figure C.2 - Endevco 7264B acclerometer data sheet (page 1)
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*obtained from www.endevco.com

Figure C.3 - Endevco 7264B acclerometer data sheet (page 2)
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*obtained from www.endevco.com

Figure C.4 - Endevco model 136 voltage amplifier data sheet (page 1)
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*obtained from www.endevco.com

Figure C.5 - Endevco model 136 voltage amplifier data sheet (page 2)
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*obtained from www.ni.com

Figure C.6 - National Instruments 6024E data acquisition card data sheet (page 1)
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*obtained from www.ni.com

Figure C.7 - National Instruments 6024E data acquisition card data sheet (page 2)
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Figure C.8 - Sample of output screen from BIODAQ software
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Figure C.9 - Sample of filtered data screen from BIODAQ software
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